In HVDC Light transmission systems, converter control is one of the major fields of present day research works.
Introduction
With recent development of power electronics technology, HVDC technology utilizes voltage source converters (VSC) with self-commutating IGBT converter valves and this technology is commercially named as "HVDC Light" transmission system [1, 2] .
It has several benefits over Conventional HVDC such as; rapid and independent control of active and reactive power, reduced voltage dip and waveform distortions on the AC network, black-start capability and also strong environmental benefits [3, 4] . Because of its tremendous benefits, HVDC Light system finds elegant solution in many areas like, remote renewable energy sources, deep-sea crossings, offshore wind farms, power supply to the islands and interconnecting networks [5] [6] [7] .
In the HVDC Light transmission systems, it is very essential to control dc voltage and power flows of the converter stations. A plethora of publications existed in the literature associated with control algorithms of an HVDC Light system. In [8] , a nonlinear control strategy was implemented to enhance the stability of an HVDC Light system.
In [9] , the authors have presented the performance of VSC-HVDC Light system supplied industrial system having on-site generation with frequency control. Conventional VSC control of the HVDC Light system utilizes a nested-loop d-q vector controlled approach based on the linear PI technology [10] . Due to the poor performance of the conventional vector control approach [11] , an optimal control scheme based on direct current vector control technique has been proposed [12] for an HVDC Light system for the purposes of improving the performance, stability and reliability of HVDC transmission. Recently, Space vector pulse width modulation (SVPWM) scheme is utilized in the vector controlled HVDC Light system under different short circuit fault conditions [13] to achieve better dc bus utilization and for improving power quality. But, the conventional PI controllers used in both the converters are unable to change their gains automatically when a perturbation occurs, and also the nonlinear behavior showed by the converters, a fuzzy logic controller is introduced in this paper to suppress the power oscillations; thereby it improves the stability and overall system performance [14] . Fuzzy logic controllers are superior to the conventional PI controllers, particularly for nonlinear systems such as HVDC Light systems. It doesn't depend on the detailed system modeling and is robust to different operating conditions [15] . Although, it is a fast approach for uncertain problems, it requires a good knowledge and experience of operators working on the system and also not guaranteed that rules are coherent [16] . The main goal of this paper is to develop a control scheme of an HVDC Light transmission system by incorporating an adaptive neuro fuzzy inference system (ANFIS) controller [17] in order to overcome aforementioned drawbacks and also to damp out the power oscillations at both the converter stations. The internal structure and learning algorithm of ANFIS was described in [18] . ANFIS is an adaptive and robust method since it combines the benefits of artificial neural networks and fuzzy logic controller. Moreover, it has a good learning capability and nonlinear ability [19] .
The rest of this paper is presented as follows: Section 2 explains the detailed mathematical modeling of the HVDC Light converter station. In Section 3, the proposed controllers are clearly explained. Section 4 provides simulation and result analysis of different controllers under AC fault conditions. Finally, Section 6 concludes the performance of the ANFIS PI controlled SVPWM based HVDC Light transmission system.
Mathematical Modelling
A schematic diagram of an HVDC Light transmission system is shown in Figure 1 . Both of the converter stations in the HVDC Light system are connected to the AC network via line resistor R, phase reactor L and a DC capacitor C is in parallel with the DC bus of the station. One can write the equations in the d-q synchronous frame by applying KVL across the source and converter [12, 13] :
where V and V are source voltages, and are line currents, V and V are converter input voltages. Based on the instantaneous reactive theory, neglecting the losses of the converter and the transformer, the active and reactive power exchanges from the AC end of the DC link are
Set the direction of the source voltage vector as d-axis hence, V = 0. So, one can write the above two equations as:
Since V is constant, from the above equations it can be concluded that the active power will be controlled by , and whole the reactive power will be controlled by .
On the DC side of the converter, DC current and DC power are:
where is the DC current to be followed by the capacitor, V is the DC link voltage and is the current on the DC cable. Neglecting the loss of converter, power of AC side equals to the DC side.
In the present case, converters are controlled through SVPWM scheme, where the modulation ratio = √ 3V /V and 0 ≤ ≤ 1. SVPWM is a new concept for power system applications, and is based on the space vector representation of the voltages on the two phase coordinates. The overall control structure of both the converter stations is identical and controlled parameters are: • Active power (P) and reactive power (Q) in station 1.
• DC voltage (V ) and reactive power (Q) in station 2.
In PQ control mode, the function of the converter is to regulate active and reactive powers as required. Similarly, in DC voltage and reactive power control mode the converter will maintain the DC voltage as constant and also keep the desired reactive power. Here, instead of conventional PI controllers, a fuzzy logic and ANFIS based PI controllers are proposed to control the parameters. Figure 2 shows the overall structure of the proposed controller.
Proposed method

Fuzzy Controller
In HVDC Light transmission systems, active and reactive power is controlled by using different types of controllers. In general, conventional PI controllers are used for this application. But, these controllers are designed to work at a particular operating point; any disturbance may cause deterioration of the controller performance. To avoid such a situation, fuzzy PI controllers are introduced in the HVDC Light transmission systems. In this research work, four PI controllers are used to get faster response and smaller overshoot. Figure 3 shows the inner structure of the fuzzy PI controller. The basic fuzzy logic controller is composed of four function blocks as depicted in Figure 3 . These are fuzzifier block, knowledge base, inference engine and defuzzifier block. There are two inputs for each of the fuzzy logic controller namely, error (e), change of error (de) and the output known as gain (K , K ).
Here, the data of two inputs i.e error and change of error is transformed into linguistic variables by fuzzifier. Then, the linguistic variables are processed by the fuzzy rules in the rule base of the form "If -Then" through fuzzy implication. To fuzzify both input data and output, triangular membership function set is used in this paper with five linguistic variables viz, Negative large (NL), Negative small (NS), zero (Z), Positive small (PS) and Positive large (PL). The membership functions used for the input and output variables in the fuzzy logic tool box are shown in Figure 4 . The knowledge base unit has two components, the data base and the rule base. The rule base is shown in the Table 1 , which is dependent on the system. The inference engine executes the inference operations on the rules. The proposed system will have a total number of 25 fuzzy rules, each one of which is formulated in the "IF -THEN" form like, IF error (e) is NL and change of error (de) is NS, THEN output gain is NL. Here, the controlled output is estimated by the center average method, which can be written as:
where, µ -output label for value contributed by the th membership function, -center of th membership function, -number of contributions from the rules.
ANFIS Controller
ANFIS is an adaptive network that is functionally equivalent to a fuzzy inference system, where the output has been obtained by using fuzzy rules on inputs. depicts a two -input one -output ANFIS structure. The two inputs are 1 (error), 2 (change of error) and the output is gain. Each input and output variable has five linguistic variables, i.e Negative large (NL), Negative small (NS), Zero (Z), Positive small (PS) and Positive large (PL). Hence, in this proposed ANFIS controller total 25 linguistic variables for the output are employed. As it was mentioned in Figure 5 , the proposed ANFIS architecture consists of five layers wherein circle shaped nodes are called fixed nodes which means the node parameters are independent on the other nodes and square shaped nodes are called adaptive nodes, whose node parameters depend on the other nodes.
Layer 1:
Number of nodes in this layer represents the number of fuzzy sets used. All the nodes of the first layer are in square shaped and parameters of these nodes defining the membership function. In this research work, a triangular membership function is used as follows: 
Layer 2:
In this layer, nodes are known as rule nodes. Each node multiplies the incoming signals and gives the product that represents the weight ( ) of a rule and is given by
Layer 3:
In this layer, weights are normalized as follows:
Layer 4:
In general, the dimension of this layer determines the number of fuzzy rules used in the system. For every node of this layer, output is given by
The output = 1 (15) where = 1 + 2 + , is the normalized weight of th mode, , and are the designed parameters that are determined during the training process and " " is the number of membership functions of respective input.
Layer 5
In the final layer, the overall output is computed by adding all the outputs of the previous layer.
Anfis Training and Testing
Initially, ANFIS is trained by taking sample data for various faults, i.e. singe phase and three phase short circuit faults at different locations.
In the proposed scheme, 900 sets of sample data for different perturbations are taken. The proposed system is checked in MATLAB/ANFIS editor tool box with a triangular membership function as it offers minimum training error. 
Number of nodes 75
Number of linear parameters 75
Number of nonlinear parameters 30
Total number of parameters 105
Number of training data pairs 900
Number of testing data pairs 200
Number of fuzzy rules 25
Since, the back propagation algorithm is notorious for its slowness and tendency to become trapped in local minima, a hybrid learning algorithm is used in this contribution. A hybrid learning algorithm combines the backpropagation method and the least square estimation method and hence, it is much faster and accurate in identifying parameters. In the hybrid learning algorithm, least square estimation method identifies the consequent parameters in the forward pass step but in the backward pass step, the error rates propagate backward and the premise parameters are updated by the back propagation algorithm. In order to test the ANFIS controller, 200 pairs of test data is considered with different operating conditions. The detailed parameters of the proposed controller are given in Table 2 .
Simulation and results analysis
In this paper, conventional, fuzzy logic based and ANFIS based space vector PWM controlled HVDC Light transmission systems were simulated in MATLAB/SIMULINK for different AC fault conditions to Figure 6 to Figure 9 . Here, the limiting values of the gains for all the controllers are the same as in the conventional PI controlled system. The parameters of the test system for carrying the simulation study are described in Table 3 . Figure 6 and Figure 8 show the rectifier side active and reactive power responses of an HVDC Light transmission system for a single phase to ground fault, three phase short circuit fault between 1 s 1.1 s at the inverter side AC bus respectively. Similarly, active and reactive powers at the inverter side for the same fault condition are depicted in Figure 7 and Figure 9 . From the simulation results, after clearing the fault ANFIS controlled test system was smoothly recovered to its pre-fault condition with smaller peak overshoot compared to the fuzzy and conventional PI controller.
Conclusions
The main contributions of the research work demonstrated in this paper are as follows:
1. The stability improvement of two AC systems connected through a SVPWM based vector controlled HVDC Light transmission system using different intelligent controllers has been presented.
2. Initially, a fuzzy logic controller has been designed to improve the dynamic performance of the studied HVDC Light transmission system.
3. Finally, an ANFIS technology is incorporated with the studied system and simulation study has been carried out to compare the effectiveness of the proposed controller. with ANFIS technology offers better damping performance under different perturbations.
5. Hence, it is recommended that the proposed system offer better solutions in the future in order to provide a reliable, convenient and cost-effective energy to customers.
